Abstract: Human-robot collaboration (HRC) is a complex procedure in manufacturing due to the problems posed by compatibility and operational safety among humans and robots, and by task definitions among them in a collaborative order. In this paper, the research results of the human-robot collaboration study for the case of an automotive brake disc assembly is presented. The analytic hierarchy process (AHP) is proposed as a decision-making method for the human-robot collaboration system, and detailed hierarchical task analysis (HTA) is applied to allocate operational tasks to humans and robots, thus reducing the chance of duty interference. Additionally, a virtual environment software (Tecnomatix Process Simulate, version 11.1,80, Siemens, Munich, BY, Germany, 2012) is used to model the assembly workstation, providing an opportunity to evaluate the feasibility of the process through different scenarios. Finally, an experimental test is conducted to evaluate the performance of the assembly procedure. This research proves that, although human-robot collaboration increases the total process time slightly, this collaboration improves human ergonomics considerably and reduces the operator injury risk.
Introduction
Today there is strong competition among industries toward factory-wide automation; manufacturers apply automation in their production line since they have a high interest in increasing the production rate without jeopardizing the quality and accuracy of the final product. Recently, robots have played major roles in automated production lines due to their superior capabilities. Although robots have been widely used to perform repetitive, non-critical tasks, such as handling, welding, and joining [1] , recently researchers have developed specific studies with the aim of integrating them in a collaborative workspace. A collaborative workspace deals with the cooperation of humans and robots trying to accomplish a specific task. However, using collaborative robots, operator safety should not be put at risk in any aspect; this requires clear task definition and allocation for humans and robots in a collaborative work cell [2] .
A safety design framework for human-robot collaboration in the absence of predefined regulations has been proposed by Reference [3] ; authors have tried various strategies to design a safe workspace. Their suggested strategies have used different devices, such as safety fences, sources, light curtains, cameras, and robot speed and area restriction stop systems. The effectiveness of the safety design has been evaluated by risk assessment methods; however, still there is a gap between this strategy and safety regulations. A practical case study of human-robot collaboration has been presented in Reference [4] ; using inverse kinematic theories, authors have made a control framework to define the robot trajectory completely for the case of the automotive homokinetic joint assembly process.
Authors of References [5, 6] have focused on the speed and separation method, defined as one of the available ISO standards for collaborative robots, to increase operator safety in the shared workspace. Having used this standard, the safety of the operator in the manufacturing cell increased by determining the minimum protective distance between humans and robots. With respect to previous contributions in the field, the authors of Reference [7] have investigated the advantage of virtual reality technologies to simulate the assembly and maintenance process in a digital environment that allows the simulation of the human and robot interaction. They proved that these technologies appreciably reduce the time and cost of production development. In Reference [8] , in aiming to design novel manufacturing systems, the authors considered the safety issues of the operators with the possibility of planning collision-free paths for multiple robots in a Virtual environment. In Reference [9] , the needs of modern manufacturing industries that have led to cooperation between humans and industrial robots were discussed. In this study, the system, called Beware of the Robot (BOR), is used to train the operators in human-robot interaction, considering the safety issues for humans and enhancing production. In Reference [10] , the authors explained the design method in hybrid reconfigurable system (H-RS) engineering, which maintains the design method and clarifies the concept. This method was utilized to develop a hybrid reconfigurable work cell for assembling a top-class car chassis. During human-robot collaboration, task allocation is one of the most challenging problems. Researchers of Reference [11] have used the task analysis method to define the necessary order in collaboration tasks in an assembly cell. Using this method, they reduced the chance of duty interference between an operator and the assistant robot.
In the present research, the effectiveness of human-robot collaboration for the assembly of a brake disc is proven in a general framework by the analytic hierarchy process (AHP) approach. In the second step, the hierarchical task analysis (HTA) method is used to define and allocate human and robot tasks without their duty interference. In the third step, after human and robot tasks are defined, and the brake disc assembly process is simulated using the virtual environment software. In the last step, after the efficiency of the model is evaluated in a real workspace situation, problems related to the improper position of the robot during the process in the laboratory are solved, and new tasks are added to the HTA diagram to improve the efficiency of the human-robot collaboration.
Manual Assembly Process
The assembly of a brake disc is completed through a procedure of five sequential steps. (a) In the first step, semi-finished parts, such as the snap ring, upright, and bearing, come from the previous station or from the shelf; (b) In the second step, an operator takes the dust protection plate from the plate box and puts it on the semi-finished parts. Then the operator takes three M6 type screws from the screw box and inserts them into the dust protection plate; (c) In the third step, the operator takes the hub from the hub box and puts it on the dust protection plate, brings the parts to be assembled to the press machine, and puts them in place. At this moment, the press machine inserts the hub inside the previously assembled parts with pressure and then the operator brings back the assembled components to the production cell; (d) In the fourth step, the operator takes the brake disc from the disc box and puts it on the assembled components; (e) In the last step, the operator takes two M8 type screws from the screw kit and inserts them on the assembled parts and tightens them, as shown in Figure 1 .
To describe in a more detailed way the working situation of the operator, it is better to clearly define the working conditions, as shown in Figure 2 . Every day, each operator should work 8 h/shift, each brake disc weights 5 kg, and the assembly of one brake disc takes around 3 min; considering the operator's shift hours and the brake disc assembly period, the operator should assemble approximately 160 brake discs and lift 800 kg throughout each working day. 
Quantitative Analysis by the Analytic Hierarchy Process (AHP)
Evaluating the efficiency of a process qualitatively with respect to various criteria for finding the optimum solution is not an easy task; however, using quantitative analysis, such as the analytic hierarchy process (AHP) [12, 13] , provides a good solution to satisfy this objective. In the present case study of the assembly of a brake disc, the considered evaluation criteria are productivity, human fatigue, safety, and quality. While the comparative solutions are one that employs a human-only system and one that is based on a human-robot collaboration system, AHP analysis is used as the evaluation methodology. The four criteria of productivity, human fatigue, safety, and quality were considered the most important by both the factory managers and the expert personnel involved in this activity; other criteria were ignored since they would not significantly affect this human-robot collaboration procedure. To implement this activity, three expert personnel participated in decisionmaking and planning, and they support the author's choice of the AHP method to evaluate the efficiency of the human-robot collaboration.
The AHP analysis proposed by References [14] [15] [16] [17] [18] is defined in eight general steps, as follows:
1. Identify the problem and define the goals. 2. Construct the general framework of the AHP analysis in a hierarchically descending order; this means that the objective set at the highest level is followed by the criteria set at the intermediate levels, and then solutions, which are set at the lowest levels. 3. Use the pair-wise comparison scale for AHP preference from References [14] [15] [16] [17] [18] , ranging from 1-9 (intensity of importance) as shown in Table 1 . In this scale, 1 expresses the equally-preferred status and 9 expresses the extremely-preferred status. 4. Construct the pair-wise comparison matrix for the four criteria, as in Tables 2 and 3. 5. Construct the pair-wise comparison matrices of alternatives for each specific criterion; this means that if there are n criteria and m alternatives available in the procedure, there should be n matrices with the size of m × m, as in Tables 4-7 . 
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Identify the problem and define the goals.
2.
Construct the general framework of the AHP analysis in a hierarchically descending order; this means that the objective set at the highest level is followed by the criteria set at the intermediate levels, and then solutions, which are set at the lowest levels.
3.
Use the pair-wise comparison scale for AHP preference from References [14] [15] [16] [17] [18] , ranging from 1-9 (intensity of importance) as shown in Table 1 . In this scale, 1 expresses the equally-preferred status and 9 expresses the extremely-preferred status.
4.
Construct the pair-wise comparison matrix for the four criteria, as in Tables 2 and 3 .
5.
Construct the pair-wise comparison matrices of alternatives for each specific criterion; this means that if there are n criteria and m alternatives available in the procedure, there should be n matrices with the size of m × m, as in Tables 4-7 Calculate the consistency ratio for the pair-wise matrix of the four criteria to check the consistency of the analysis comparisons. 8.
Construct the priority matrix of alternatives (solutions), as in Table 8 .
The pair-wise comparison matrix of the four criteria, as reported in Tables 2 and 3 , aims to show the importance of one criterion over the others [18] . In this research, the intensity and importance of each criteria was chosen through a group decision. This sorted out that (see the columns of Table 2 ) the safety factor has the highest importance intensity, followed by productivity and quality factors, while the human fatigue factor has the lowest importance intensity. The pair-wise comparison of alternatives with respect to each criterion is evaluated at steps 4 and 5 based on the actual system operation. The use of a human-robot collaboration design can give a greater importance to productivity and quality factors so that they have, comparatively, the same intensity and importance to reach the goal in the assembly of the brake disc (Tables 4 and 5 ). It can be noted this also reduces the workload burden of the human operator (Table 6 ) while, due to the close range of human and robot cooperation and consequent increase of the injury risk, there might be a much lower safety level in the human-robot design (Table 7 ) [11] .
Consistency of the analysis comparison is determined by calculating the consistency ratio as in Equation (1):
where CI is consistency index and RI is average random consistency. RI is a predefined value depending on the size of the pair-wise comparison matrices; in this case, due to the size of the pair-wise comparison matrix for the four criteria, which is 4 × 4, RI is equal to 0.9 [16] . CI is calculated according to Equation (2):
where λ max is the maximum eigenvalue and n is the size of the four criteria pair-wise comparison matrix. To calculate λ max , the weighted sum matrix of Table 8 is calculated by multiplying each priority vector element into the respective column and adding the values. Then, each element of the weighted sum matrix is divided by the respective priority vector element and the average values are reported as λ max . A consistency ratio lower than 0.1 proves the suitability of the pair-wise comparison matrix. More information related to the estimation of the consistency ratio is reported in Reference [14] . The last step is to construct the priority matrix of alternatives and to calculate the overall priority vectors. The overall priority vector of each solution is calculated as summation of the priority vector of each alternative multiplication (in this case there are four priority vectors, related to the four criteria of safety, productivity, quality, and human fatigue for each alternative) to the respective priority vectors listed in Table 8 . The alternative with the highest overall priority value provides the result of the analysis. Following the AHP procedure described above, the hierarchy of the problem is developed as shown in Figure 3 .
The priority of each decision alternative with respect to its contribution to different criteria is decided by project managers and is presented in Table 2 . By determining the pair-wise comparison matrix for each criteria, it is possible to complete the calculation using manual estimation or expert choice as an AHP in the developer software. After developing Table 2 , the pair-wise comparison matrix is synthesized by dividing the matrix of each element by its column total. For instance, the value 0.222 in Table 3 is calculated by dividing 1 (from Table 2 ) by 4.5, which is the sum of all the column terms shown in Table 2 (1 + 1 + 1/2 + 2).
The priority vector of the synthesized matrix is calculated by dividing the row averages, as shown in Table 3 . For instance, the productivity priority based on human-robot collaboration criterion, as shown in Table 3 , is estimated by dividing the sum of the rows (0.222, 0.222, 0.1818, and 0.230) by the number of columns (4).
The priority vector for human-robot collaboration, shown in Table 3 , is given below: 
0.214
By dividing all the weighted sum matrix elements, obtained from Equation It is now possible to calculate the consistency index, CI:
Based on References [14] [15] [16] [17] [18] [19] , as presented in Table 1 , for a matrix with the size of 4, the random consistency ratio, RI, is 0.9 and the consistency ratio, CR, is calculated as follows:
Due to the fact that CR is less than 0.1, the judgments are acceptable. Similarly, all the pair-wise comparison matrices along with the priority vectors for different criteria are calculated, as presented in Tables 4-7 . The overall priorities of the human system and the human-robot system can be evaluated according to:
Overall priority of the human system = 0.02675 + 0.02675 + 0.01380 + 0.39650 = 0.4638 Overall priority of the human-robot system = 0.1872 + 0.1872 + 0.0831 + 0.0790= 0.5365 Their values are 0.4638 and 0.5365, and this confirms that the human-robot system is the preferred solution which can satisfy the criteria. 
General Framework of Human-Robot Collaboration Procedure
The assembly of a brake disc is performed in several steps in an actual production environment. In the laboratory environment, it is supposed that the human-robot collaboration can be concentrated into one cell. This experimental cell is composed of two different zones: picking and assembly areas. The picking area is the zone where the components to be used in the assembly process are located; the robot should be able access to them. In the assembly area, the semi-finished parts are located and the assembly process has to be performed by the operator and robot. The components are located on the workbench, including the screw kit, brake disc, dust protection plate, tip kit, and semi-finished parts; the robot manipulator picks them in an ordered sequence as shown in Figure 4 .
In order to investigate the feasibility of this activity, a robot manipulator with seven degrees of freedom has was introduced to support and help the operator to complete the assembly activity. The main purpose of applying a robot in the assembly process is to improve operator ergonomics and increase productivity. As mentioned before, tasks are generally subdivided into three main categories: picking, placing of assembly parts, and tightening of screws. These tasks will be allocated to the operator or to the robot based on the sensitivity of tasks and the ability of humans and robots to perform those tasks.
To accomplish these arrangements, sequences and proper tasks allocation are quite critical and require a complicated process. If the assignment of tasks does not take place properly, then the operator will probably face serious ergonomic problems, such as muscular and back pain, due to performing repetitive tasks and heavy workloads. Due to these facts, the robot manipulator was introduced to reduce the workload and improve the ergonomics of the operator. The location of the robot manipulator during this collaborative activity is very important with respect to the operating tasks and feasibility of the assembly.
In order to respect safety regulations, and based on ISO 10218-2 norm 5.10.2 [19] , an emergency stop button is located at end of the workbench which is connected to the robot with cables and controlled by software to stop the robot motions. In this activity, the safety-rated monitored stop (SMS) was used to fulfill the safety regulations. The robot has no motion whenever the operator is inside the collaboration space. Whenever the operator wants to enter the collaboration area, he should press the button to command the robot to stop its movements until he performs his tasks. After the operator finishes his duties, he should again press the button, which means he wants to exit the collaborative zone. Moreover, after the operator completely exits, the robot manipulator can continue its jobs and complete the tasks. 
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In order to achieve effective collaboration between humans and robots, it is necessary to plan suitable arrangements and define clear duties considering capability and reliability, both for the human and the robot. In the advanced reproduced experimental tests in laboratory environments, proper sensors, such as safety mats, laser scanners, or other detective devices, can be used. These detective devices are able to recognize and detect any objects in the surrounding environment and, by proper elaboration of this kind of information, prevent possible collisions. The mentioned solution based on a stop button at the end of the workbench was implemented in a preliminary practical test based on the manual assembly operation. The collaboration activity was repeated five times and took two working weeks to accomplish.
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Robot Specifications
Collaborative robots with high reliability can be perfect options to perform either repetitive tasks or tasks that do not need special skills. The concept of human-machine interaction has been introduced to fill the gap between the manual operations and the fully-automated operations. A proper design and conceptual plan based on the current norms and regulations will result in improving the operator safety in the shared workspace. Nowadays the robots' structure has been improved and they can recognize and react to objects during eventual occasional collisions without any unstable situation or dangerous reaction. Having high-precision sensors in each axis makes the robot manipulator very sensitive, and this contributes to increased safety and productivity. The considered robot's scheme and specifications are presented in Figure 5 and Table 9 , respectively [20] . Table 9 . KUKA robot characteristics (www.kuka.com) [20] . A1  ±170°  A2  ±120°  A3  ±170°  A4  ±120°  A5  ±170°  A6  ±120°  A7 
Range of Motion
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Task Decomposition According to HTA
There are various methods available for analysis of the operation tasks. These methodologies include the hierarchal task analysis (HTA), goal-directed task analysis, and cognitive tasks that are used to model human-robot interactions [21] . The HTA method is a scientific method used for determining human tasks, regarding different ergonomics and human factors [22] . HTA has numerous applications in different areas, such as entertainment, police and military, space exploration, manufacturing, and mining and agriculture [23] . In order to constitute the HTA diagram, all tasks should be defined as goals and sub-goals; they all must be completed to achieve the final goal [24] . In this specific study of human-robot collaboration, HTA [25] [26] [27] would be a very effective method to determine the collaborative tasks between humans and robots. The same scenario applied for AHP is used for the HTA method. To complete this activity, the same three expert personnel participated in the planning and defining of tasks; one person was responsible for managing and consulting, with more than five years of experience, and the two others were responsible for programming and running the application. The two persons trained in programming and safety regulations of robots, responsible for performing the collaborative activity, worked with the robotic prototype in the laboratory environment; one was responsible for direct collaboration and assistance with the robot and one took care of monitoring tasks and turning off the robot in the case of emergency. The robot programmer was trained for a year in the java programming exclusively used for the KUKA robot; the other expert is a PhD researcher who has studied the challenges and difficulties of human-robot collaborative procedures for more than three years. The overall methods flowchart for defining the human-robot collaboration task is presented in Figure 6 . As is clear from Figure 6 , the first step is data acquisition by direct observation in a real production environment. After recording all necessary information, the operation sequences are categorized based on the related skills and capabilities to clear the framework objective. Once the operation sequences are identified, the general process should be decomposed into separated unified tasks according to the hierarchal task analysis (HTA) method [25, 26] . 
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This methodology helps to distinguish between operator and robot roles [11] in the assembly process, as shown in Figures 7 and 8 . Based on Figures 7 and 8 , different roles were defined for the human and the robot; however, the main tasks for the operator include inserting screws and hubs, while the robot is tasked with performing the assembly process and tightening the screws. In the fourth step, HTA is applied to combine the operator and robot tasks in a collaborative order, which constitutes the new task table. Finally, the suggested hybrid task algorithm should be evaluated to verify the feasibility of the proposed methodology. Using the HTA method, tasks are defined as sub-goals, as shown in Table 10 , with the related task's process time period. In order to constitute the HTA algorithm of the brake disc assembly, the main goal of the system is considered as equal to the main robot manipulator's goal; in this way, the assembly of the brake disc is recorded as the super-ordinate goal 0 in the HTA algorithm, as shown in Table 10 . To achieve the main goal, sub-goals should be completed. Sub-goals are subdivided into three groups: sub-goal 1 (assembles the dust protection plate); sub-goal 2 (positions the hub on the plate and change the tip for screwing); and sub-goal 3 (completing the assembly of brake disc). Sub-goals are subsequently divided into minor goals, as shown in Table 10 . It is important to mention that when there is a need for more details, it is necessary to add lower-level goals to the model. This methodology helps to distinguish between operator and robot roles [11] in the assembly process, as shown in Figures 7 and 8 . Based on Figures 7 and 8 , different roles were defined for the human and the robot; however, the main tasks for the operator include inserting screws and hubs, while the robot is tasked with performing the assembly process and tightening the screws. In the fourth step, HTA is applied to combine the operator and robot tasks in a collaborative order, which constitutes the new task table. Finally, the suggested hybrid task algorithm should be evaluated to verify the feasibility of the proposed methodology. Using the HTA method, tasks are defined as subgoals, as shown in Table 10 , with the related task's process time period. In order to constitute the HTA algorithm of the brake disc assembly, the main goal of the system is considered as equal to the main robot manipulator's goal; in this way, the assembly of the brake disc is recorded as the superordinate goal 0 in the HTA algorithm, as shown in Table 10 . To achieve the main goal, sub-goals should be completed. Sub-goals are subdivided into three groups: sub-goal 1 (assembles the dust protection plate); sub-goal 2 (positions the hub on the plate and change the tip for screwing); and sub-goal 3 (completing the assembly of brake disc). Sub-goals are subsequently divided into minor goals, as shown in Table 10 . It is important to mention that when there is a need for more details, it is necessary to add lower-level goals to the model. The robot takes the dust protection plate from the picking area, then positions it on the assembly station; the operator pushes the button to enter the work area, then takes three M6 screws from the screw kit and positions them on the dust protector. The operator asks to exit from the work station and releases the button to authorize the robot to continue the assembly job. The robot goes to the proper position on the assembly area for screwing, and after having finished screwing, the robot returns to the home position. Assemble the brake disc on the assembly station; Plan 3. Do 3.1, 3.2, 3.3, then do 3.4,3.5 two times, then 3.6 two times, then 3.7, 3.8 two times, then 3.9, and exit.
The robot goes to the brake disc kit and takes one disc, then positions it on the hub in the assembly station. The operator pushes the button to enter the work area. The operator takes two M8 screws from the screw kit and positions them on the brake disc in the assembly area, then goes out and releases the button. The robot goes to the assembly area and does the screwing, then the robot returns to the home position. 
Simulation Procedure
Virtual environments have vital roles in current manufacturing industries, as they facilitate the design of different manufacturing production lines and provide visual analysis tools to create the manufacturing process. Using a virtual environment reduces the risk connected to production changes, production planning time, and cost, while improving the process ergonomic safety [28, 29] . There are various software programs available for simulating manufacturing production lines, and one of the most common is Siemens Tecnomatix software (version 11.1,80, Siemens, Munich, BY, Germany, 2012). Tecnomatix is developed by the Siemens Company and is practically subdivided into different packages designed to accomplish particular tasks. The package used for analyzing the ergonomic effects on humans is called JACK software (version 11.1,80, Siemens, Munich, BY, Germany, 2012); the package used for creating digital models of production lines and examining different possibilities for system layouts is called Plant Simulation; and the package in which the feasibility of the product assembly process is analyzed is called Process Simulate, used for offline programming of robots and the manufacturing process. In order to simulate the process of the brake disc assembly, the Tecnomatix Process Simulate package was used.
Computer-Aided Design
All the parts are prepared in NX (version 11.1,80, Siemens, Munich, BY, Germany, 2012) and CATIA (v5.20. Dassault System, Vélizy-Villacoublay, France, 2009); however, if any part is designed out of the NX software it is necessary to transfer all the file formats to the JT (Jupiter Tesselation) format in NX. The parts imported to the NX software are divided into two categories; the first category is related to the static links, for which no movements are defined in the virtual environment. In other words, they are stationary parts of the assembly line, such as fixtures, bases, rails, desk, upright, bearing, screws, and snap rings, as shown in Figure 9 . On the other hand, the parts in which movement is considered are called dynamic links, such as platforms, grippers, robots, etc. In order to input all the designed parts into the Process Simulate software to build the assembly line, the only readable format for the files are in the COJT format; thus, the file formats are converted in Process Simulate software once again to the COJT format. input all the designed parts into the Process Simulate software to build the assembly line, the only readable format for the files are in the COJT format; thus, the file formats are converted in Process Simulate software once again to the COJT format. 
Gripper
Generally, robots consist of arms and an end effector; the gripper is one of the most common type of end effectors mounted on the end of the robot arm. The primary role of the gripper is for the picking and placing of various objects during the process; however, it is possible that the gripper has multifunctional tasks, as in this research, in which the tasks include picking, placing, and screwing. Based on the operational tasks of the gripper, it has three parts: the base part, the screwing part, and the fingers, as shown in Figure 10 . As mentioned before, all the assembly line parts should be prepared in the format required by the NX software and then imported into Process Simulate, including the gripper parts. In order to simplify the kinematic representation of the gripper in Process Simulate [29] , static and dynamic links should be defined, as shown in Figure 8 . The model of the gripper components is subdivided into seven parts, including one link that belongs to the base part which has static link characteristics, five links that belong to the finger part and have dynamic link characteristics, and one link that belongs to the screw part and has dynamic link characteristics. After the gripper is imported into Process Simulate, the kinematic characteristics are used for defining the dynamic link and motion of the gripper.
There are two types of simulation available in Tecnomatix Process Simulate software: time-based simulation and event-based simulation. Usually, time-based simulation includes resources, products, and operations, while for event-based simulation signals should be defined. Time-based simulation is implemented during a specific period of time in which the sequence of operations is predefined. In order to constitute a manufacturing process using the time-based method, it is necessary to define kinematic motions for the non-stationary parts. The main difference between these two types of simulation is that event-based simulations do not have a specific time process, and the sequence of operations is defined according to the process logic box; this means that this simulation uses signalbased logic to determine the operations sequence [30] . In this research, a time-based approach-due to the application of a safety button instead of a safety eye, which requires sensors in simulationwas used to model the manufacturing process. A sample of a time-based simulation in Tecnomatix 
There are two types of simulation available in Tecnomatix Process Simulate software: time-based simulation and event-based simulation. Usually, time-based simulation includes resources, products, and operations, while for event-based simulation signals should be defined. Time-based simulation is implemented during a specific period of time in which the sequence of operations is predefined.
In order to constitute a manufacturing process using the time-based method, it is necessary to define kinematic motions for the non-stationary parts. The main difference between these two types of simulation is that event-based simulations do not have a specific time process, and the sequence of operations is defined according to the process logic box; this means that this simulation uses signal-based logic to determine the operations sequence [30] . In this research, a time-based approach-due to the application of a safety button instead of a safety eye, which requires sensors in simulation-was used to model the manufacturing process. A sample of a time-based simulation in Tecnomatix Process Simulate is shown in Figure 11 . In Figure 11 , in a time-based representation, the operation times needed for accomplishing tasks by the operator and robot in each step are shown. The total time resulting from the procedure simulation is 120 s. Figure 12 shows the collaborative environment between the human and robot, as well as the completed brake disc assembly. 
Evaluation and Discussion
Copying the manual assembly process of the brake disc, the primary operation sequence of the automated process was defined, as shown in Figure 13 . As mentioned before, since each operator approximately assembles 160 brake discs in each day shift, it is obvious that they will undergo a very large workload (around 800 kg); this workload may cause serious ergonomic injuries, such as muscular pain for the operator, over a long period of time.
The use of the HTA method provides the possibility of combining human and robot tasks in a collaborative order, as shown in Figure 14 . As mentioned before, three personnel were involved in this activity; one person for managing and consulting and the other two trained for the programming and running of the application. Tests were repeated five times during two weeks of working with the robotic prototype in laboratory conditions to gain a statistical basis.
As discussed previously, the main responsibilities of the assistant robot are picking and placing of the dust protection plate and the brake disc. In order to evaluate the feasibility of the hybrid assembly process proposed by the HTA method, few tasks were considered and the assembly process was modeled in a virtual environment. The total assembly process time based on the initial HTA diagram is 203 s. The HTA method facilitated the definition of tasks for operator and robot in a collaborative manner; however, some defects were observed during testing. It was observed that, when the operator intends to put the M8 screws on the brake disc in the last phase of assembly, the robot manipulator is partially obstructing the operator's sight. This occurrence forced the operator to change his position regularly to complete the task properly. Two solutions have been proposed to solve this problem; the first one is to return the robot manipulator to its home position, and the second one involves the use of the impedance control of the robot and hand-guided method (HG).
Although it seems that the first solution would be a perfect one, it is quite costly. Imagine that each time the robot manipulator has to come back to its home position and again return to the previous position for the screwing and tightening operation; this will be very time-consuming and thus reduce productivity. However, based on the second method, the hand-guided method, the robot is allowed to move only in predefined directions determined by the operator.
The robot was moved by the operator to the non-disturbing position and the operator put the 
The robot was moved by the operator to the non-disturbing position and the operator put the screws on the brake disc. Regarding to abovementioned description and the hand-guided method as an extra task, the final collaborative tasks were redefined and the modified task sequences are presented in Figure 15 . The schematic of collaborative work environment in laboratory is shown in Figure 16 . It is worth mentioning that adding the hand-guided method increased the total processing time to 210 s. To take the dust protection from picking area To tight the M8 screws [Human] To ask to exit from the work station [Human] To position 2 screws of M8 type on the brake disc[Human]
To take 2 screws of M8 type [Human] To ask to enter to the work station [Human] To position the brake disc on the assembly station [Robot] To take the brake disc [Robot] To ask to exit from the work station [Human] To position the hub on the dust protection [Human] To take the hub [Human] To ask to enter the work station [Human] To tight the M6 screws [Robot] To ask to exit from the work station [Human] To position the screws of M6 type on the dust protection [Human] To take 3 screws of the M6 type [Human] To ask to enter the work station [Human] To position the dust protection on the assembly station [Robot] To take the dust protection from picking area [Robot] 
Conclusions
In this research, the feasibility of human-robot collaboration was investigated for a case study (assembly of a brake disc) in experimental and simulation scenarios. In the first step, the AHP method was applied to prove the general advantage of the human-robot collaboration over the manual assembly solution. Productivity, quality, human fatigue, and safety were considered as the base criteria for the comparison of the possible different solutions while applying the AHP method. Using the HTA method, the primary algorithm for allocating the collaborative tasks to humans and robots was constituted. In the third step, the assembly process was simulated using the Tecnomatix Process Simulate virtual environment software to test the effectiveness of the HTA method in the case of task allocation. In order to obtain realistic results, the gripper that had been designed for the particular considered application was fully modeled. Finally, the feasibility of the design was tested using the laboratory environment and defects were recorded. It was observed that, during the assembly, the robot manipulator obstructed the operator's sight, preventing them from completing the assembly properly. The hand-guided method was used to solve this problem based on the available standards in human-robot collaboration. According to the manual assembly process, every day each operator should work 8 h in one shift, each brake disc weighs around 5 kg, and the assembly of one brake disc takes around 3 min. Considering the operator work shift hours and the brake disc assembly period, the operator should assemble approximately 160 brake discs and lift 800 kg throughout each working day. Considering at least 200 working days in a year, he should lift around 160,000 kg; in other words, he will undergo to a load of 1600 kN. This workload in a year could affect the operator fatigue accumulation, tiredness, and may cause serious injuries to the operator's muscles. This situation can also influence productivity and quality, because sometimes the operator is tired or has some pain in his muscles; this can cause the inappropriate insertion of the brake disc on the dust protection plate or the insufficient tightening of screws. These will cause a faulty assembly and decrease the quality and productivity. Although the collaborative procedure increases the total assembly time (210 s) in comparison with the manual procedure (180 s), operator ergonomics are improved and the risk of injury is considerably reduced. 
In this research, the feasibility of human-robot collaboration was investigated for a case study (assembly of a brake disc) in experimental and simulation scenarios. In the first step, the AHP method was applied to prove the general advantage of the human-robot collaboration over the manual assembly solution. Productivity, quality, human fatigue, and safety were considered as the base criteria for the comparison of the possible different solutions while applying the AHP method. Using the HTA method, the primary algorithm for allocating the collaborative tasks to humans and robots was constituted. In the third step, the assembly process was simulated using the Tecnomatix Process Simulate virtual environment software to test the effectiveness of the HTA method in the case of task allocation. In order to obtain realistic results, the gripper that had been designed for the particular considered application was fully modeled. Finally, the feasibility of the design was tested using the laboratory environment and defects were recorded. It was observed that, during the assembly, the robot manipulator obstructed the operator's sight, preventing them from completing the assembly properly. The hand-guided method was used to solve this problem based on the available standards in human-robot collaboration. According to the manual assembly process, every day each operator should work 8 h in one shift, each brake disc weighs around 5 kg, and the assembly of one brake disc takes around 3 min. Considering the operator work shift hours and the brake disc assembly period, the operator should assemble approximately 160 brake discs and lift 800 kg throughout each working day. Considering at least 200 working days in a year, he should lift around 160,000 kg; in other words, he will undergo to a load of 1600 kN. This workload in a year could affect the operator fatigue accumulation, tiredness, and may cause serious injuries to the operator's muscles. This situation can also influence productivity and quality, because sometimes the operator is tired or has some pain in his muscles; this can cause the inappropriate insertion of the brake disc on the dust protection plate or the insufficient tightening of screws. These will cause a faulty assembly and decrease the quality and productivity. Although the collaborative procedure increases the total assembly time (210 s) in comparison with the manual procedure (180 s), operator ergonomics are improved and the risk of injury is considerably reduced.
